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Abstract 

The quantization of SU(2) Yang-Mills theory reduced to + 1 space-time dimen- 
sions is performed in the BRST framework. We show that in the unitary gauge 
Ao = the BRST procedure has difficulties which can be solved by introduction of 
additional singlet ghost variables. In the Lorenz gauge Aq = one has additional 
unphysical degrees of freedom, but the BRST quantization is free of the problems 
in the unitary gauge. 
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1 577(2) Yang-Mills mechanics 

We consider SU(2) Yang-Mills mechanics obtained by the reduction of SU(2) 
Yang-Mills field theory in (D + l)-dimensional space-time to a finite-dimen- 
sional quantum system, by taking the dynamical variables to depend on the 
time co-ordinate t only. The lagrangean of such a theory is 

£ymqm = ^(^Oi) 2 - J ( F ij) 2 , (1) 

where i, j = (1, D), and 

F£ = A* - ge ahc A\A^ = -ge ahc A b A]. (2) 

Such a system has been widely studied in the context of non-perturbative 
aspects of (super) Yang-Mills theories [Hill], and as a first step in the regu- 
larized dynamics of membrane theory [E]-|l()j. 

The lagrangean is invariant under time-dependent gauge transformations 
with parameters A a (t), taking the infinitesimal form 

5Aq = A a - ge abc A b A c , 5A a % = -ge abc A b A c . (3) 

This invariance allows us to impose a gauge condition leaving the physical 
dynamics unchanged. The simplest choice is 

A a = 0. (4) 

With this condition the effective lagrangean for the remaining D-dimensional 
vector potentials A a becomes 1 

L eff = l -kl-V[Al (5) 

with the potential 

V[A] = j (A^A fc 2 - (A a ■ A,) 2 ) . (6) 

In addition, we have to impose a set of (first-class) constraints corresponding 
to the previous equations of motion for A^: 

G a = ge abc A\F^ ~ g e abc A b ■ A c = (7) 

1 We do not distinguish between upper and lower adjoint indices (a,b,c, ...) for SU(2). 
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Thus, the physical trajectories in configuration space in the gauge (JU) are 
the solutions of the Euler-Lagrange equations derived from (|SJ) subject to 
the additional constraints (|7|). 

In addition to the pure Yang-Mills theory described by the action (JTJ), one 
can also construct various supersymmetric extensions, based on the reduction 
of supersymmetric Yang-Mills field theory in D — 1, 3, 5, 9. The spectra of 
these theories are qualitatively different El El UH I2D1 EI], but for the 
problem addressed in this note those differences are not relevant. 

To keep track of the constraints, especially in the context of the Yang-Mills 
quantum theory, we follow the BRST procedure 2 . Thus we introduce anti- 
commuting ghost degrees of freedom (b a , c a ) as well as commuting auxiliary 
scalars N a in such a way, that the total gauge-fixed action becomes invariant 
under a set of special ghost- dependent gauge transformations, the rigid BRST 
invariance. The anti-commuting BRST differentials 5^ are defined before 
gauge fixing as follows 

5 n A a = (D c) a = c a - ge abc A b c c , 5 n A* = (D iC ) a = -ge abc A b c c , 

S nC a = § e abc c b c c , (8) 

§ n b a = iN a , 5 Q N a = 0. 

The gauge-invariance of the classical action implies its invariance un- 
der the BRST transformations by construction. The BRST differential has 
the standard property that 5^ = 0. The implementation of the BRST con- 
struction for the gauge A = is, to impose this gauge condition using the 
Nakanishi-Lautrup fields iV a as Lagrange multipliers, and complete the effec- 
tive lagrangean so as to make it fully BRST invariant. For the case at hand 
this results in the effective lagrangean 

L eff = Lymqm + N a A a + ib a (c a - ge abc A b c c ) . (9) 

We can use the gauge condition implied by the Nakanishi-Lautrup fields to 
eliminate Aq and iV a simultaneously; in a path-integral formulation, this 
implies integrating out a ^-functional 5(A ). The result is 

L eff = l - A 2 a - i (F%) 2 + tb a c a , (10) 
2 For reviews, see ^2] and |14| . 
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Note that for D = 3 we can construct a magnetic field by \tijkFjk = ^ti 
but this does not hold for a general D. The effective lagrangean is 
invariant under the reduced form of the BRST variations (jHJ) obtained by 
taking = 0, and using the equation of motion for N a : 

5b a = iN a ~ ige abc [A\F^ - ic b b c ) . (11) 

The BRST invariance of the effective lagrangean implies an anti-commuting 
conserved charge by Noether's theorem. The BRST charge takes the form 

Q = c a G a - j e abc c a c b b c . (12) 

The first-class constraints of the classical theory are summarized effectively 
by the statement that Q = 0; more precisely, in the phase-space formulation, 
all brackets of physical quantities with Q must vanish: physical quantities 
must be BRST invariant; this is discussed in more detail in the next section. 



2 Quantum theory 

In the quantum theory the dynamical variables A% and their conjugate mo- 
menta P? = Af, as well as the Faddeev- Popov ghosts are operators satisfying 
(anti-)commutation relations 

The hamiltonian is given by 

% = ^' + |C (14) 

as for pure Yang-Mills theory, in fact. The hamiltonian determines the time- 
evolution of any quantity X constructed from the Yang-Mills or ghost oper- 
ators by the Schrodinger equation 

X = i[H,X}. (15) 

Gauge transformations on (A a ,P a ) are generated by the SU{2) charges 

G a = g Cabc A fe • P c , (16) 



% S ab <5. 



\ab 



(13) 
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such that 



S a X = % [G a , X] , 5 a G b = % [G a , G b ] = -g e abc G c , (17) 
whilst more generally the BRST transformations are given by 

s n x = i[n,x\ ± , (is) 

the sign depending on the fermionic parity of the quantity X: + (anti- 
commutator) for fermionic X, and — (commutator) for bosonic X. In par- 
ticular, the commutation relation ((T7j) for the gauge charges together with 
the ghost anti-commutator (|13|) implies the nilpotency of the BRST charge: 

Vl 2 = 0. (19) 

To complete the theory we have to define an inner product on the extended 
state space, such that zero-norm states decouple and physical states have 
positive norm. For this to happen, it is necessary that the BRST operator is 
self-adjoint w.r.t. this inner product. In the co-ordinate representation, with 
states being represented by wave functions \P[A, c], such an inner product is 
defined by the integral [T3] 

= i J dc x dc 2 dc z J Y[dA1^[A,c]^[A,c\. (20) 

i,a 

It is easily seen that with this definition the ghost operators (b a , c a ) are self- 
adjoint themselves. It follows directly that, indeed, 

= (21) 



3 Physical states 

The physical states of Yang-Mills quantum mechanics are constructed by 
solving for the eigenstates and eigenvalues of the hamiltonian (|14j) subject to 
the constraint of BRST invariance. 

One useful way to construct states is by the Fock-space approach [T5], in 
which one starts with an oscillator basis for the dynamical degrees of freedom 
defined by 

a a = (A a + iP a ) , al = ^=(A a - iP a ) . (22) 
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These creation and annihilation operators satisfy the standard commutation 
relations 

f 



Sab Id, (23) 

where Id is the D-dimensional unit matrix. As implied by eq. ()13|) the 
ghost operators already behave like fermionic ladder operators. One is free 
to consider either c a or b a as creation operator; we choose c a . Fock states are 
now constructed as polynomials in aJ a and c a acting on an empty state \l/o 
defined by 

a a ^o = b a = 0. (24) 

Such a construction differs from the standard (bosonic or fermionic) creation 
and annihilation operators in that c a and b a are self-adjoint w.r.t. the inner 
product ([2 Up rather than adjoint to each other. A similar treatment of ghost 
ladder operators can be found in [2|. 

The hamiltonian can be represented as a matrix in a basis of Fock states. 
Subsequent diagonalization would give the spectrum of the theory 3 . 

In the context of the co-ordinate representation this construction is realized 
by taking 

a ^T 2 ( A ° + (k)' b °^' (25) 

and 

^ = Ne-^ Aa ' Aa , (26) 

with N a normalization factor. In this representation the gauge generators 
are of the form 

G a = -ige abc a\ ■ a c . (27) 

We analyze next the restrictions imposed by the BRST symmetry on states 
in order to be physical. In the BRST formalism physical states are identified 
with the cohomology classes of the nilpotent BRST charge Q: 

H vhys „ Ker^ (2g) 
Im \l 

This implies that physical states ^ are BRST-invariant: 

m = } (tf,tf) = l, (29) 

3 Note one can only construct a basis of finite dimension and therefore any results would 
be approximate (see [IT?]). 
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and state vectors differing by a BRST-exact state are identified: 

■q> ~ = $ + nA. (30) 

Therefore matrix elements of physical operators between physical states must 
be invariant under the BRST transformations (|3U|) : 

($, XV) = ($, XV') , if [Q, X] ± = 0. (31) 

These properties are guaranteed if BRST-exact states of the form QA decou- 
ple from the physical state space and have zero norm: 

(tf,fiA) = (fitf.A) = 0, (flA.fi A) = (A,fl 2 A) = 0. (32) 

Observe that it is crucial for these results that the BRST charge is self-adjoint 
w.r.t. to the physical inner product. 

To do any practical calculation one needs an explicit expression for the phys- 
ical state vectors; this can be achieved by selecting one element from each 
equivalence class, using the nilpotent co-BRST operator 

*Q = G a b a - y e abc c a b b b c , *fl 2 = 0. (33) 
Indeed, the co-BRST condition 

W = 0, (34) 

acts as a gauge fixing condition for the BRST transformations (|3U[). reducing 
the state space as required [T5] . States satisfying both QV = *QV = are 
called BRST harmonic. Physical states are defined as BRST harmonic states 
of finite norm. We build first Fock states which are BRST harmonic. 

Define the (total) ghost number as the operator 

N g = c a b a (35) 

Splitting the Fock space in four sectors corresponding to the eigenvalues n g 
of N g : 0, . . . , 3, we construct states in each ghost sector as follows, 

^ (0) [M] = M[a f ]* , 
*«[M] = c a M[^]V , 

V^[M] = ^e abc c b c c M[^]%, 
6 



Here M[at] is some gauge-invariant polynomial in the operators aj: 

M[at] =53 ^...a. (36) 

n 

and the coefficients fi ai ...a n are invariant SU(2) tensors. 

The complete set of solutions consists of two distinct classes: the states at 
ghost number n g = 0, ^^[M], and those at ghost number n g = 3, \^®[M]. 
We discuss next the possibility for these states to have finite norm (see 
also [TBJ Hj). The spectrum of the hamiltonian in such a basis would be 
guaranteed to be physical. 



4 Inner product and ghost vacuum 

The existence of two classes of BRST-harmonic states at different ghost num- 
ber is of crucial importance for the construction of a non-trivial physical inner 
product [HI [TE] . Indeed, if we would only have the states at n g = it is 
quite obvious from the definition (J2Uj) that the vacuum state \l/o would have 
zero norm: 

(tto,*o)=0, (37) 

whilst the BRST-invariant 3-ghost operator has a non-zero vacuum expecta- 
tion value: 

±_ e abc^a c b c c^ = ^ ^ e abc tfj^^ = \ ( 3g ) 

The problem clearly is in the definition of the ghost vacuum, in combination 
with the fact that the ghosts are self-conjugate. Therefore the ghost creation 
operators c a do not act as annihilation operators on the conjugate (bra) vec- 
tors; if they would, the BRST charge wouldn't be self-adjoint. In particular, 
it is not an option to replace the space of bra states by the BRST-dual states 

&[M] = 7^ ^ [M] e abc c a c b c c , (39) 

as proposed in fHJ IT7j . which is equivalent to the replacement of the inner 
product flU)) by 

($, *) -> ($, *) = 1 e abc ($, c a c b c c . (40) 
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In fact, it is clear that the ghost variables have vanishing matrix elements 
between any states (physical or unphysical): 

($,c a ^) = 0, Vtf,$, (41) 

i.e. the ghosts would effectively vanish as operators, and the same is true for 
the BRST charge Q. 

Part of the solution of this problem, also along lines suggested in [T7] , is 
to use the existence of the second set of solutions of the BRST- and co-BRST 
constraints with n g = 3 to change the definition of the ghost vacuum. If we 
define a new vacuum state 

^+ = 4= ( 1 + ~, e abc c a c b c c ) o, (42) 



v^V 3! 

with corresponding physical excited states ^ + [M] = M[at] the ghost 
operators remain self-adjoint and the vacuum is normalizable: 

(*+,*+) = 1. (43) 

A draw-back is, that the vacuum \& + has no well-defined ghost number, and 
not even a well defined Grassmann parity, being a sum of an even and odd 
ghost number state. Moreover, the vacuum expectation value of the ghosts 
(|38)1 is changed, but still non-vanishing; actually we now have 

- e abc (c a c b c c ) + = 1 e abc c a c b c c V + ) = i (44) 

and similarly 

l_ e a b c {b a bbb c )+ = ^ (45) 

Although these expectation values are BRST-invariant, they carry a non-zero 
ghost number, a manifestation of the non-invariance of both the vacuum and 
the inner product itself under ghost rescaling. 

Both problems can be solved by introducing a fourth ghost 9, with con- 
jugate anti-ghost £: 

[0,C]+ = 1. (46) 
The new ghost 9 is taken to be a BRST singlet and has ghost number 
n g (9) = —3; thus it has the same quantum numbers as the invariant anti- 
ghost operator, whilst ( has the quantum numbers of the corresponding ghost 
operator: 

g „ 1 b a b b b c^ C ~ ^ e abc c a c b c c . (47) 
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We then define the physical vacuum state 

% = -^(l + ^6e abc c a c b c c ^o, (48) 

and the physical excited states 

$[M] = M[a f ] $ . (49) 

These physical states have a well-defined ghost number n 9 ($[M]) = and 
Grassmann parity (even). This is especially important in the supersymmet- 
ric extensions of the theory, as the action of the gaugino operators would 
otherwise cause problems with sign-changes for odd ghost number terms. 

Simultaneously we also redefine the inner product (J2UJ) in the co-ordinate 
representation on the full state space to 

= Jd6 J dcWdc 3 J JJd^$ + [A,c]*[A,c]. (50) 

i,a 

W.r.t. this inner product all ghosts, including the new singlet ghost, are 
self-adjoint, and so is the BRST charge Q. Observe, that the ghost integra- 
tion measure now has vanishing ghost number as well. Finally, the 3-ghost 
operator vacuum expectation value vanishes trivially: 

abc fa b <c\ ___ ( abc „a„6. 



- e abc (c a c b c c ) e = - ($ , e abc cVc c $ J = 0. (51) 

Of course, there arise new vacuum expectation values 

±(9e abc c a c b c c ) e = ±((e abc b a b b b c ) e = ~ (52) 

but these expectation values are both BRST invariant and have vanishing 
ghost number. 

In passing, let us point out a further result of some interest: it is possible 
to define new anti-ghost operators /3 a and rj by 

p a = b a + \ e abc 6c b c c , V = (-^, t abc c a c b c c . (53) 

These redefinitions preserve the ghost number. Moreover, one easily estab- 
lishes the anti-commutation relations 

~c\ $ b \ , = 6 ab } [6, V ] + = 1, [77, (3 a ] + = [9, c a ], = 0, (54) 



with all other anti-commutators vanishing as well. In addition 

(3 a % = r ] % = 0, (55) 

suggesting that $o is the actual Fock vacuum for the new anti-ghosts (rj, (3 a ). 
Unfortunately, it is to be noted that these antighosts are no longer self-adjoint 
w.r.t. the inner product (jSUll : 

Pi = b a - ~ e abc 6c b c c , r/ f = C + ^ ^ ( 56 ) 

Hence these operators do not annihilate the conjugate vacuum: for a general 
state vector \P 

(%,(3^) = (f3l%,^)^0. (57) 

Moreover, the conjugate ghosts have non-trivial anti-commutation relations 
with the original anti-ghosts, e.g.: 

Therefore the ghost variables (/3 a ,rj) are not of much use in the construction 
of states. Nevertheless, they do provide a good way to characterize the ghost 
dependence of the physical states by the conditions (J55J) . 



-e abc c b c c , 



PIP 



r abc 



9c c 



(58) 



5 Lorenz gauge 

We will now show, that the problems with the definition of physical states 
and inner products sketched in sect. 0] do not exist in the Lorenz gauge 
quantization. The starting point for our analysis is again the classical theory 
defined in eqs. (HJ)-©, and the representation of the nilpotent BRST algebra 
defined in eq. (JHJ). In the (0 + l)-dimensional reduction of the Yang-Mills 
theory, the Lorenz gauge takes the form 

A = 0. (59) 

A convenient BRST-invariant extension of the classical lagrangean for this 
gauge is 

LLorenz = Ly MQM + N« A" Q - ^ - ib a (D c) a 

(60) 

* ~ (DoA") 2 + i (Aq) 2 - ~ (Ftj) 2 - ib a (D oC y, 
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where the last line results from elimination of the auxiliary fields N a . The 
corresponding hamiltonian is 



HLorenz = \ (P° + 9^ A\ A C ) ' + \ (J») 2 + I (f£ 

+ i (V - ige abc A b c c ) v a , 

where the canonical momenta are defined by 

P a = (D A) a , P a = A a 0J 

u a = -(D c) a , v a = b a . 
The conserved BRST charge takes the form 



Q = G a c a - ^ e abc c a c b v c + P£u° 



2 T f e abc A b A c^ 2 



(61) 



(62) 



(63) 



with the gauge charges G a as in eq. (JTHJ). As neither of the expressions (|6T|) 
and (|63|) suffer from ordering ambiguities, they can be interpreted directly as 
quantum operators, with the fundamental commutation relations given by 



[A ,P 6 ] 



c , v 



= 5 ab , 



A a pb 

b a ,u b 



iS ab , 
5 ab . 



(64) 



The quantum equations of motion and the BRST transformations then again 
take the form (|15p. (fTSj) . In the co-ordinate representation, the BRST- 
invariant inner product of two wave functions in the full ghost-extended 
Hilbert space now takes the form 



J l[db a dc a Jl[dA a J HdA«&[A,Ao,c,bMA,A ,c,b}. 



To fix the BRST gauge, we introduce the co-BRST operator 



(65) 



*Q = G a v a + — e abc c a v b v c + P?b a . 



(66) 
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Requiring states to be simultaneously BRST and co-BRST invariant leads 
to the conditions 

G a ty = 0, = 0, = 0, (67) 

where 

is the generator of the rigid SU (2) transformations, which is still an invari- 
ance of the theory, on the conjugate ghosts variables (c a ,v a ). In contrast to 
the unitary gauge Aq = 0, in the Lorenz gauge the BRST conditions do not 
fix the physical states complelety. We can still impose a further constraint 
fixing the dependence of physical states on the anti-ghost variables (b a ,u a ), 
by requiring states to be rigid SU(2) singlets w.r.t. all variables: 

= 0, t a = ige abc b b u c . (69) 

Indeed, it is easily checked that S a is a BRST- and co-BRST invariant op- 
erator; therefore the constraint can be imposed consistently on all physical 
states. 

The full set of solutions of conditions (jBTf) and (}6T?j) are wave functions 
which are SU(2) singlets (i.e., gauge invariant), which do not depend on A$, 
and whose ghost dependence is constrained to the form 

* phUB [A,c,b] = ^ 1 [A] + ^e abc c a c b c c ^ 2 [A} + ^e abc b a b b b c ^ 3 [A] 

. ' ' (70) 

+ (e abc c a c b c c ) (t def b d b e b f ) * 4 [A]. 

With the standard assignement of the ghost number +1 for c a and —1 for b a , 
requiring the states to have vanishing ghost number and definite Grassmann 
parity imposes the further constraint 

^ 2 [A] = ^ 3 [A]=0. (71) 

Finally, requiring the inner product (|55|l to be positive definite in the sub- 
space of physical states, we have to fix the space of physical states to be 
represented by factorized wave functions 

1 - * (>*c c a c v)(e de '&w; 



^ phys 



1 + 



V2 



(72) 
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where ^ m can be taken as a physical Fock state of the form (J36|) . Observe 
that the operator e abc b a t) b t) c plays the same role here as the extra ghost 
9 in our construction of the states in the unitary gauge. Obviously, as in 
the unitary gauge, we can define a ghost operator with non-zero vacuum 
expectation value 

W <?(<"■» 4 < 73 > 

but like (J52j) it is BRST invariant and has vanishing ghost number. Finally, 
defining the vacuum state of the physical subspace as 



(74) 



where \l/o is the Fock vacuum of the Yang-Mills system, one can again define 
ghost operators anihilating $o by taking 

7 a = c a + e abc v b v c e def u d u d u f , (3 a = b a % — e ahc u b u c e def v d v d v f . 

' 2-3! 2-3! 

(75) 

As might be expected from our previous analysis, these operators are not self- 
adjoint and do not define a good basis for a complete Fock-space construction 
in the ghost sector. Nevertheless, the conditions 

7 a $ = P a % = (76) 

provide a convenient way to characterize the physical ghost vacuum. 

Finally we should remark, that in the physical subspace the integration 
over A% is of course divergent in the absence of damping, as the physical 
wave functions are Ao-independent. This divergence can be absorbed in a 
wave-function renormalization factor 

N = 1 (77) 

[ JylM 

Knowing this, we can remove the Aq from the physical inner product and ef- 
fectively set N = 1; we observe, that N is BRST-invariant, and the procedure 
does not jeopardize the BRST-invariance of the integration measure. 
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6 Discussion 



In this paper we have shown, that although the physical content of the (0+1)- 
dimensional Yang-Mills theory is clearest in the unitary gauge Aq = 0, the 
BRST quantization works in a more straightforward way in the Lorenz gauge 
Aq = 0. An important part of the discussion and analysis was based on 
the construction of a BRST-invariant inner product w.r.t. which the BRST 
charge Q is self-adjoint. 

To get a little more algebraic and geometric insight into the constructions, 
consider again the unitary gauge, in which a general state is represented by 
a wave function 



*[ C ] = V + C>a + ^ C a cVafc + ^ C^C^c (78) 



Defining the dual wave function 



*[c] = V + c> a + |j c a c^ + |j c a c 6 c c Vw- (79) 



with components 



^ = ^ tabclpabc, ^^ = \\ € abc1pbc, 



*Pab = Cabctpc, Ipabc = ^abc^, 



(80) 



we recognize that the physical states (|42j) are characterized as the self-dual 
states ^ = ty, such that the inner product (j2*Uj) becomes 



i J dc x dc 2 dc z = - e abc U\ bc i) + VVafec + WbPbc + 3ipt b ip c ) 

3! (81) 

In particular, with ip — ip — \/2i/jm and ip a = ip a = 0, this reduces to 

i J dc l dc ? dc ? ^ ] [M}^[M} = ^ M ^ M - (82) 

Hence this inner product is positive definite for physical states. Of course, 
one can also consider the anti-self dual states ^ = — which then have a 
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negative definite norm. This should not surprise us, as the existence of a 
self-adjoint nilpotent BRST operator fl 2 = is possible only in a space with 
indefinite norm. The important point is, that the space of physical states 
should have positive norm, and that is realized in the subspace of self-dual 
states. 

Generalization of this discussion to the Lorenz gauge is simple. Each 
component in the wave-function expansion (|78|) now is a function of the ad- 
ditional ghost variables b a , and we can again distinguish between components 
which are self-dual or anti-self-dual w.r.t. the expansion in b a . In this for- 
mulation the physical states are then identified with the wave functions for 
which the components of zero ghost-number are completely self dual, i.e. 
self-dual both with respect to the c-ghost duality and with respect to the 
6-ghost duality. 

We have discussed in particular the case of £77(2) Yang-Mills theory. The 
generalization to SU(N) is straightforward; with r = N 2 — 1 generators, and 
the same number of ghost and anti-ghost variables, the self-dual physical 
states in the unitary gauge are of the form 

1 / ftM \ 
*[c] = -j= \ l + —6 a i- a rc a \..c ar j^ M . (83) 

For odd r (even N) , both ghost number and Grassmann parity of the wave 
functions are ill-defined; for even r (odd N), it is only the ghost number 
which is violated. In both case, introduction of a singlet ghost 9 with ghost 
number n g (8) = —r solves the problems. On the other hand, in the Lorenz 
gauge this is taken care of automatically by the anti-ghost variables, as the 
operator 

j[r/2] 
T \ 

has the same quantum numbers and plays the same role. 

Finally we note, that as we have constructed precisely one BRST-invariant 
wave function for each physical state, in the supersymmetric extension the 
computation of the Witten index [H|-[2T] * s n °t affected by including the 
ghost degrees of freedom in the appropriate way. 

Acknowledgements. We would like to thank J. Wosiek. This work 
is part of the programme FP52 of the Foundation for Research of Matter 
(FOM). The work of A.F. was also supported by a Basque Government grant 
until 01/10/04. 



15 



References 

[1] I. Batalin and R. Marnelius, Nucl. Phys. B442 (1995), 669 
[2] G. Grensing, Eur. Phys. J C23 (2002), 377 
[3] M. Liischer, Nucl. Phys. B219 (1983), 233 
[4] M. Claudson and M. Halpern, Nucl. Phys. B250 (1985) 
[5] M. Halpern and C. Schwartz, Int. J. Mod. Phys. Al(1998), 4367 
[6] J. Goldstone, unpublished; J. Hoppe, PhD. Thesis (MIT, 1982) 
[7] B. de Wit, J. Hoppe and H. Nicolai, Nucl. Phys. B305 (1988), 545 
[8] B. de Wit, M. Liischer and H. Nicolai, Nucl. Phys. B320 (1989), 135 
[9] J. Frdhlich and J. Hoppe, Comm. Math. Phys. 191 (1998), 613 
[10] J. Frdhlich et al, Nucl. Phys. B567 (2000), 231 

[11] J. Hoppe, V. Kazakov and I.K. Rostov, Nucl. Phys. B571 (2000), 479 

[12] V.P Gerdt, A.M. Rhevelidze and D.M. Mladenov, 

[13] J.W. van Holten, in: Geometry and Topology in Physics, ed. F. Steffen 
(Springer, to appear), 99; hep-th/0201124 

[14] M. Henneaux and C. Teitelboim, Quantization of Gauge Systems 
(Princeton Univ. Press, 1994) 

[15] J.W. van Holten, Phys. Rev. Lett. 64 (1990), 2863; Nucl. Phys. B339 
(1990), 158 

[16] R. Marnelius and M. Ogren, Nucl. Phys. B351 (1991), 474 
[17] R. Marnelius, Nucl. Phys. B370 (1992), 165 
[18] P. Yi, Nucl. Phys. B505 (1997), 307 
[19] J. Wosiek, Nucl. Phys. B644 (2002), 85 



16 



[20] M. Campostrini and J. Wosiek, Phys. Lett. B550 (2002), lid. 
|arXiv:hep-th/0407021| 

[21] P. Van Baal, in: Multiple facets of quantization and super 'symmetry <, eds. 
M. Olshanetsky and A. Vainshtein (2002, World Scientific), 556 



17 



